A variety of neurologic disorders, such as stroke, traumatic brain injury, and cerebral tumors, can damage the corticospinal tract in the supratentorial region of the brain. Damage to these descending motor pathways results in a characteristic set of signs and symptoms, which are collectively termed the upper motor neuron (UMN) syndrome. These signs include contralateral loss of muscle force and motor selectivity, exaggerated deep tendon reflexes, and increased muscle tone. In the second instance, contractures can emerge.
in gait impairments that lead to disability and diminished quality of life of affected individuals. [2] [3] [4] Clinical management aimed at improving the gait pattern in patients with chronic unilateral UMN syndrome is challenging for 2 main reasons. First, the spastic gait pattern is characterized by many possible abnormalities, including but not limited to foot drop, reduced knee flexion and circumduction during the swing phase, and abnormal foot landing and lack of stability during the stance phase (Video 1A and Video 2A). 3 These gait abnormalities constitute a combination of primary deficits and secondary (sometimes compensatory) mechanisms that can be hard to disentangle. 5 Second, a multitude of treatment options exist, but clinical evidence is inconclusive for most approaches. As a result, variation in clinical practice is large, indicating the need for clear treatment algorithms. 6 A particular problem in this respect is the underuse of surgical treatment options, although in some cases, the best long-term functional results may be obtained by surgical interventions. [6] [7] [8] This review aims to fill the lack of a clinical treatment guideline. We first argue that gait impairments in adults with chronic unilateral UMN syndrome can be reduced to the following 3 groups of primary deficits: (1) imbalance of muscle strength, length, and activity around the ankle and tarsal joints leading to pes equinus or pes equinovarus; (2) calf muscle weakness; and (3) overactivity of proximal leg muscles. We then provide a stepwise treatment algorithm based on evidence when available but otherwise based on our practical experience.
Unravelling Primary and Secondary Gait Impairments
Walking involves the repetition of a regular pattern of limb and trunk movements that are collectively termed the gait cycle ( Figure 1) . 9 The gait cycle is the result of a complex interaction between postural control and leg motor control, and both can be hampered by a unilateral UMN lesion. Studies in patients with stroke 10, 11 have revealed that postural control often substantially IMPORTANCE Gait impairments are common in patients with chronic supratentorial upper motor neuron lesions and are a source of disability. Clinical management aimed at improving the gait pattern in these patients is generally perceived as a challenging task because many possible abnormalities may interact. Moreover, a multitude of treatment options exist, ranging from assistive devices and muscle stretching to pharmacologic and surgical interventions, but evidence is inconclusive for most approaches and clear treatment guidelines are lacking.
OBSERVATIONS Gait deviations in adults with a chronic supratentorial upper motor neuron lesion can approximately be reduced to the following 3 groups of primary deficits:
(1) imbalance of muscle strength, length, and activity around the ankle and tarsal joints leading to pes equinovarus or pes equinus; (2) calf muscle weakness; and (3) overactivity of proximal leg muscles.
CONCLUSIONS AND RELEVANCE A stepwise treatment algorithm emphasizes medical-technical interventions, which are based on evidence when available and otherwise reflect practice-based experience.
improves in the subacute phase and can be trained to some extent in the subacute and chronic phases after stroke. In contrast, leg motor control often shows less spontaneous recovery in the subacute phase after stroke, and only limited evidence [12] [13] [14] suggests that intensive training can restore leg muscle coordination during gait. As a consequence, many patients with chronic unilateral UMN syndrome show gait abnormalities and asymmetry that prohibit an efficient and stable gait pattern and do not significantly respond to exercise-based interventions. 15 
Altered Neural Control of Walking
To distinguish between primary gait deficits and secondary mechanisms, knowledge from neuroanatomic and neurophysiological studies is critical. These studies have predominantly focused on the upper limb, 16, 17 but findings can reasonably be translated to the lower extremity. Besides the corticospinal tract, parallel descending motor pathways originate from the brainstem (eg, the reticulospinal tract) that can influence trunk and leg motor control. However, only the corticospinal tract is able to produce refined movements, which is especially true for the distal musculature. 18, 19 A UMN lesion will, therefore, have a greater effect on distal than on proximal leg muscles, which implies that movements at the ankle and foot joints are hampered more than movements at the hip joint. Consequently, proximal leg muscles are often used to compensate for distal motor control deficits. In this perspective, pathways descending from the brainstem may compensate for lack of corticospinal motor control. Emerging evidence suggests that after a supratentorial UMN lesion, some degree of neuroplasticity remains through the corticoreticulospinal system, thereby bypassing the dysfunctional corticospinal tract. 17, 20, 21 Given the corticoreticular innervation pattern, strengthening of the (contralesional) corticoreticular output will predominantly result in a larger output to leg extensors and, to a lesser degree, to leg flexors. After corticospinal lesions, a leg extensor bias is observed in which the recovery of muscle strength is better in the leg extensors (eg, triceps surae and quadriceps) than in the leg flexors (eg, tibialis anterior and hamstrings). 22 However, the (partial) recovery of muscle strength of the leg extensors is often associated with higher muscle tone and reflexes (ie, spasticity) in these muscle groups. 23 
Three Groups of Primary Deficits
Based on the aforementioned insights as well as clinical studies and experience, we argue that the gait impairments observed in patients with chronic unilateral UMN syndrome can be reduced to the following 3 groups of primary deficits: (1) imbalance of muscle strength, length, and activity around the ankle and tarsal joints leading to pes equinus or pes equinovarus; (2) calf muscle weakness; and (3) overactivity of proximal leg muscles. The main impairment is muscular imbalance around the ankle and tarsal joints, resulting in pes equinus or pes equinovarus. 24 The dorsiflexors and evertors of the foot are usually weak, which can be aggravated by spasticity and contractures of the plantarflexors and invertors of the foot. Depending on the degree of spasticity and/or contracture, pes equinus and pes equinovarus can be fixed or dynamic. Shortening of the triceps surae results in fixed pes equinus, whereas (additional) shortening of the tibialis posterior results in fixed pes equinovarus. Spastic overactivity of the triceps surae, usually combined with relative weakness of the foot elevators, leads to dynamic pes equinus. Muscle imbalance between the medial foot elevators (relative good strength of the tibialis anterior) and lateral foot elevators (weakness of the toe exten- The gait cycle is often subdivided into 8 phases 9 ; however, in daily clinical practice, we prefer to separate it into 5 phases. Phase 1 is the loading response, which starts when the foot strikes the floor (initial contact) and body weight is being transferred to the stance leg. In a normal gait pattern, the heel strikes the floor first with the ankle in a neutral position. At heel strike, the knee is extended, but during the loading response, it flexes for shock absorption while the ankle shows plantar flexion. Phase 2 is midstance, which starts when the stance leg has full foot contact and the contralateral leg has started the swing phase. The body progresses over the stance leg in a coordinated fashion such that optimal stability and energy conservation are preserved. Dorsiflexion occurs at the ankle while the knee and hip extend. Phase 3 is terminal stance, which starts when the ankle undergoes plantar flexion again and the heel rises from the floor while the knee and hip are still extended. The foot unwinds over the heads of the metatarsal bones, and concentric contraction of the calf musculature provides a push-off that generates most of the energy during gait. The last part of terminal stance is characterized by knee and hip flexion while body weight is gradually transferred to the contralateral side. Phase 4 is early swing, which starts when the foot is lifted from the floor as a result of a coordinated hip and knee flexion and ankle dorsiflexion. Soon thereafter, the knee starts to extend again while the ankle maintains in a neutral position. Phase 5 is terminal swing, which starts when the swing leg has passed the contralateral stance leg. The hip reaches maximal flexion and the knee full extension to subserve optimal step length and adequate foot positioning for the next loading response.
sors and peroneus tertius) may also result in a dynamic pes varus often with a less pronounced equinus component. 25 These 3 primary deficits frequently result in secondary (sometimes compensatory) gait abnormalities ( Figure 2) . [26] [27] [28] [29] [30] Thus, adequate treatment of these primary deficits usually also resolves these secondary mechanisms.
Assessment of Gait Impairments
Assessment of gait in patients with unilateral UMN syndrome starts with history taking, followed by an observation of the gait pattern and clinical examination. History taking is especially important to evaluate the effect of gait impairments on activities of daily life. To properly observe the gait pattern, a patient needs to be able to walk along a trajectory of approximately 10 m with and without footwear and orthosis. If possible, a video system should be used to review the gait pattern offline and in slow motion. If available, instrumented gait analysis, including kinematic, kinetic, and electromyographic assessments, can aid in discriminating primary from secondary gait abnormalities. 6 In this perspective, the presence or absence of spasticity observed during clinical examination often does not translate to muscle activity or overactivity observed by instrumented analysis of the gait cycle. Dynamic electromyography is, therefore, needed to detect or confirm muscular overactivity during gait, 6 for example to identify overactivity of calf musculature underlying knee hyperextension during the stance phase or to identify a spastic rectus femoris underlying reduced knee flexion during the swing phase ( Figure 2 ).
Clinical Management of Gait Impairments
After thorough assessment of the primary deficits contributing to the gait abnormalities in patients with a chronic supratentorial UMN lesion, treatment focuses on improvement of these primary deficits (gait pattern), with the ultimate goal to improve walking capacity in daily life, forexample,towalksafelywithoutaidsortowalklongerdistances.Such specific performance goals must be set by shared decision making.
Herein, we describe the treatment options for each of these deficits, with emphasis on medical-technical interventions.
Pes Equinus and Pes Equinovarus
As described above, pes equinus and pes equinovarus are the result of muscular imbalance around the ankle and tarsal joints, where relative weakness of the anterolateral lower leg muscles is often accompanied by spasticity and shortening of the medioposterior lower leg muscles. Herein, we take 2 important considerations into account. First, because the mechanical or electrical support of weakened muscles is not effective when antagonist muscles produce counteractive forces, we propose a hierarchical approach to the treatment of pes equinus and pes equinovarus, starting with the treatment of contracture, followed by the treatment of spasticity, and ending with the provision of support to weakened muscles. A second consideration relates to the distinction between pes equinus and pes equinovarus. For an adequate selection of treatment options, identifying any varus deformity of the hindfoot at initial contact or during the stance phase that predisposes to instability while loading is important. If identified, treatment of varus deformity is essential to restore the main prerequisite of gait: stability in the stance phase. Because of this importance and because treatment of varus deformity requires specific interventions, our algorithm consists of 2 interrelated flow diagrams, including 1 for pes equinovarus and 1 for pes equinus ( Figure 3) . In case of a relevant contracture contributing to fixed pes equinus or pes equinovarus, serial casting or stretching exercises should be considered as a first step, although this treatment option is more likely to be successful in younger patients and if the intended gain in passive ankle dorsiflexion does not exceed 10°to 15°. If concomitant spasticity of the plantar flexors and invertors hampers adequate muscle stretch,supportiveneuromuscularblockade(eg,withbotulinumtoxin) should be considered. Typical target muscles are the medial and lateral gastrocnemius (in case of fixed equinus deformity with stretched knee), soleus (in case of fixed equinus deformity with flexed knee), tibialis posterior (in case of fixed varus deformity), and toe flexors (in case of fixed flexion deformity of toes). The combination of serial casting The primary gait deficit pes equinus or pes equinovarus can lead to 2 secondary abnormalities at the level of knee and hip or pelvis. If equinus deviation occurs during the swing phase, foot clearance is hampered, for which a compensatory circumduction movement is needed. Many patients show knee hyperextension during the stance phase of gait, because a forefoot landing due to pes equinus induces an external knee extension moment. This so-called ankle plantar flexion-knee extension couple hampers energy conservation and impairs a normal roll-off of the foot. Another primary deficit is calf muscle weakness or lack of calf muscle activation. Because the calf is the main stabilizer of the knee joint during midstance, calf muscle weakness can lead to excessive knee flexion in the stance phase. In terminal stance, ankle plantar flexion produces approximately 75% of the energy needed for propulsion during normal gait. As such, ankle plantar flexion power is the main mechanism underlying knee flexion during the swing phase. Thus, reduced push-off power often leads to reduced knee flexion during the swing phase that may require compensatory circumduction. This situation should be discriminated from the spastic stiff knee gait, which is caused by overactive proximal leg extensors. Overactive proximal leg muscles are a third primary deficit. Spasticity of the rectus femoris hampers further knee flexion (stiff knee) during the swing phase. This condition requires more compensatory circumduction. for 1 week preceded by neuromuscular blockade of the calf muscles has shown to improve performance on the 10-m and 6-minute walk tests, whereas the combination of a stretching regime with neuromuscular blockade of the calf muscles did not yield significant results. 31 However, intensive stretching and serial casting may be difficult to sustain or lead to disappointing results in many patients. In these cases, a surgical intervention should be considered. If the gastrocnemius and soleus muscles are shortened, Achilles tendon lengthening is indicated. Instead, if only equinus deformity with a stretched knee is present, a fasciotomy of the gastrocnemius muscles may be sufficient. In case of additional fixed varus deformity during stance or toe flexion deformity, the aforementioned procedures can be combined with an intramuscular tenotomy or transfer of the tibialis posterior muscle and toe flexors, respectively. In case of varus deformity, fusion of 1 or more tarsal joints can also be considered to obtain optimal stability of the foot in the frontal plane (Video 1B). In the presence of toe flexion deformity, additional fixation of the interphalangeal toe joints should be considered. These surgical interventions often remain underused, although the inability to easily achieve a plantigrade foot position with extended toes while loading the leg often causes huge functional problems. 6 As shown in the Table, 7,31,33-42 formal evidence for surgical interventions to correct pes equi-novarus is sparse because of the absence of wellcontrolled studies, but clinical experience is extensive and consistently positive if surgery is indicated and performed by an experienced and dedicated team. An advantage of procedures to lengthen muscles is that concomitant spasticity is also markedly and often permanently reduced after surgery, perhaps owing to a shift in the mechanical threshold at which spasticity is triggered. 43 When a surgical intervention is contraindicated, orthopedic footwear should be considered to stabilizethestructuralankle-footdeformity,restorethebaseofsupport,and provide a form of roll-off correction. After treatment of relevant contractures or in the absence of contractures, relevant (residual) spasticity contributing to dynamic pes equinus or pes equinovarus should be treated. Focal spasmolysis is preferred to systemic treatment to improve the gait pattern. For treating spastic pes equinovarus, typical target muscles are the medial and lateral gastrocnemius, soleus, tibialis posterior, and toe flexors. Focal spasmolysis can be performed by neuromuscular blockade (eg, with botulinum toxin) or by a block of the tibial nerve (eg, with phenol). A relatively small, double-blind, randomized clinical trial of 20 patients with spastic equinovarus 34 compared intramuscular injections of botulinum toxin type A with tibial nerve blockade with phenol. Both treatment modalities reduced the time needed to walk 25 ft, but the improvements were only significant in the group treated with botulinum toxin type A. Based on the absence of sensory adverse effects, such as sensibility loss or neuralgia, neuromuscular blockade is preferred to nerve block by many clinicians, although practical experience suggests that nerve block may be more effective for treating severe ankle clonus. A systematic review and meta-analysis 32 showed that treatment of spastic pes equinovarus with botulinum toxin type A was associated with a small but significant improvement in gait velocity (0.044 m/s). The clinical importance of this improvement in gait speed can be debated, but in our experience, focal spasmolyis of the calf muscles can have a beneficial effect on the gait pattern by reducing an excessive ankle plantar flexion−knee extension couple. If focal spasmolytic treatment of the dorsal lower leg muscles is unavailable, insufficient, or short lasting, a more permanent improvement can be obtained by subsequent surgical intervention. Selective neurotomy of tibial nerve branches may be performed based on the temporary effects of precision blocks of the tibial nerve with a local anesthetic. 44 A small randomized clinical trial of 16 patients with spasticpesequinovarus 35 comparedselectiveneurotomyofthesoleus,tibialis posterior, and flexor hallucis longus with intramuscular injections with botulinum toxin type A and found equal improvement of ankle kinematics with preservation of ankle kinetics during gait but more reduction of ankle stiffness after neurotomy. Alternatively, for elimination of the dynamic varus component and/or dynamic toe flexor deformity due to spasticity, an intramuscular tenotomy or transfer of the tibialis posterior muscle and/or toe flexors should be considered. In these cases, selective forms of arthrodesis (of the tarsal and/or interphalangeal toe joints) can be indicated to obtain optimal long-term effects depending on the severity of spasticity. After optimal treatment of relevant contractures and spasticity or in the absence of both, any (residual) dynamic pes equinus or pes equinovarus will be the result of muscle weakness. In these cases, muscle weakness is usually supported by some type of ankle-foot orthosis (AFO) or by functional electrical stimulation (FES) of the common peroneal nerve. The main disadvantage of these interventions is that they cannot be applied 24 hours per day, and in particular, AFOs may limit other activities such as kneeling, ascending and descending stairs, cycling, or driving a car. Therefore, any orthotic intervention should support loss of anklefoot function as dynamically as possible. To minimize the necessity for orthotic interference, surgical correction of the varus component should be considered, in particular among patients who value barefoot walking. Because a varus deviation of the foot during the loading response in patients without relevant contracture or spasticity is often caused by an imbalance among the foot dorsiflexors in favor of the tibialis anterior muscle, a split anterior tibial tendon transfer (SPLATT) (Video 2B) is an option if the tibialis anterior shows sufficient strength (close to normal) and motor selectivity (ability to selectively dorsiflex the foot with an extended knee). In this procedure, a lateral part of the tibialis anterior tendon is transferred to the cuboid or peroneus tertius tendon to rebalance the foot during dorsiflexion. Although, to our knowledge, the effect of a SPLATT alone has not been investigated, a combined Achilles tendon lengthening and SPLATT procedure resulted in a spatiotemporal normalization of the single-stance and double-support phases of gait. 36 If the tibialis anterior muscle is too weak to perform a SPLATT, the possibility of a fusion of 1 or more tarsal joints remains. This fusion entails the advantage of less instability of the hindfoot during loading when walking barefoot. In addition, after this surgical procedure, an AFO can be focused on the dynamic support of foot dorsiflexion without the need to provide static stability in the frontal plane. Dynamic pes equinus due to muscle weakness requires mechanical or electrical support of the foot dorsiflexion during the swing phase and loading phase. A systematic and pooled meta-analysis 37 showed that an AFO significantly improved several aspects of walking, including gait speed, loading symmetry, and the ability to walk independently. In case of excessive knee flexion during the stance phase, a rigid AFO with a ventral shell should be considered to optimize foot clearance during the swing phase and knee control during the stance phase. In case of excessive knee extension during the stance phase, a rigid AFO with a dorsal shell should be considered for the same reasons. With fair to good knee control, peroneal FES is a good alternative to AFO. The main theoretical advantages of FES over AFO are optimal passive ankle motion during roll-off and optimal preservation of residual push-off power and related swing-phase initiation. Surface (external) FES has shown to be equivalent to AFO in terms of gait speed and functional gait tests in several randomized clinical trials. 45, 46 Some studies of implanted peroneal FES systems 39, 47, 48 have also shown indications of an improved gait pattern and gait symmetry.
Calf Muscle Weakness
No current treatment option effectively compensates for calf muscle weakness. Some indications suggest that improving the propulsion symmetry between the legs in patients with stroke is possible through targeted training by increasing gait speed with or without FES 49,50 or by walking on a treadmill with body weight support. 51 However, large variations have been noted in training responses among patients, and more research needs to identify responders and establish long-term effects of such training regimens. Studies investigating energy-storing ankle-foot orthosis or next-generation (light-weight, soft-suit) exoskeletons may soon be able to provide evidence that push-off power can be supported effectively and mechanically, leading to a better swing-phase initiation. Exoskeletons may also be able to support hip flexion power in patients with combined weakness of the calf muscles and hip flexors.
Overactivity of Proximal Leg Muscles
In the presence of specific overactivity of the rectus femoris during early swing, a focal treatment option is preferred by neuromuscular blockade or by a block of the motor branch of the femoral nerve supplying the rectus femoris muscle. A systematic review 26 reported that neuromuscular blockade and motor branch block resulted in a higher peak knee flexion angle and velocity during gait, but improvement in walking speed was not consistently observed. Both treatment modalities were unable to restore normal knee flexion; an explanation for this finding may be that part of the stiff knee problem in these patients may be owing to concomitant calf muscle weakness limiting push-off power. 27 An alternative treatment to neuromuscular blockade or nerve block is surgical rectus femoris transfer. 52 In this procedure, the distal part of the rectus femoris muscle is transferred to the gracilis muscle with concomitant fractional lengthening of the vastus muscles. However, few scientific data on this procedure are available. When general overactivity of the thigh muscles interferes with the gait pattern, the use of oral spasmolytic drugs may be considered. A significant improvement on walking distance has been reported for tizanidine hydrochloride 53 and tolperisone 54 in patients with stroke. However, oral spasmolytic drugs may cause systemic adverse effects (eg, drowsiness, nausea) and are usually ineffective in obtaining specific gait improvements. 43 When the use of oral drugs is limited owing to adverse effects, intrathecal baclofen administration is an alternative systemic treatment option to improve gait speed and distance in patients with stroke 55 and reduce the extensor coactivation of rectus femoris and gastrocnemius in patients with acquired brain injury.
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Conclusions
The management of gait impairments in patients with chronic supratentorial UMN syndrome is complex from diagnostic and therapeutic points of view. Our stepwise approach to the management of these gait impairments is a first attempt, to our knowledge, to fill the lack of a clinical treatment guideline while acknowledging that more evidence needs to be obtained by sound comparative studies. As such, the Table may serve as a template for future studies. Trials that do not investigate the effect of only 1 intervention but rather the combined effect of several (subsequent) treatment options, as presented in our algorithm, are needed. Outcomes should include the attainment of personal goals (eg, the ability to walk without a walking aid or to walk for longer distances), consider barefoot walking in addition to walking with shoes, and consider effects on nonwalking activities of daily living. Although we purposely focused on medicaltechnical interventions to improve the gait pattern (and not exercise-based interventions), many of the interventions addressed in this review may still profit from additional functional gait training. 
